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Superior fracture resistance and topology-induced
intrinsic toughening mechanism in 3D shell-based

lattice metamaterials

Yujia Wang?, Kunlin Wu?, Xuan Zhang?, Xiaoyan Li**, Yifan Wang®*, Huajian Gao

Lattice metamaterials have demonstrated remarkable mechanical properties at low densities. As these architected
materials advance toward real-world applications, their tolerance for damage and defects becomes a limiting
factor. However, a thorough understanding of the fracture resistance and fracture mechanisms in lattice metama-
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terials, particularly for the emerging shell-based lattices, has remained elusive. Here, using a combination of
in situ fracture experiments and finite element simulations, we show that shell-based lattice metamaterials with
Schwarz P minimal surface topology exhibit superior fracture resistance compared to conventional octet truss
lattices, with average improvements in initiation toughness up to 150%. This superiority is attributed to the
unique shell-based architecture that enables more efficient load transfer and higher energy dissipation through
material damage, structural plasticity, and material plasticity. Our study reveals a topology-induced intrinsic
toughening mechanism in shell-based lattices and highlights these architectures as a superior design route for
creating lightweight and high-performance mechanical metamaterials.

INTRODUCTION

Lightweight yet mechanically robust materials are in high demand
for a wide range of applications, such as components in aircraft, ve-
hicle, energy storage devices, heat exchangers, and medical implants
(1-3). Despite the substantial demand, it remains challenging to
create materials that simultaneously have low density and high me-
chanical performance, as these properties are often mutually exclu-
sive (1). Lattice metamaterials with ordered and rationally designed
architectures have demonstrated amazing properties in overcoming
these trade-offs (4, 5), exemplifying a paradigm shift called mecha-
nomaterials where designed geometries are proactively deployed to
program material properties (6, 7). Over the past decades, extensive
efforts have been devoted to demonstrating remarkable elastic and
plastic properties of lattice metamaterials at low densities, such as
high modulus (8-12), exceptional strength (13-16), excellent recov-
erability (16-18), high energy absorption (18, 19), and remarkable
dynamic impact resilience (20-22). In contrast, their fracture be-
haviors have remained largely underexplored. For practical applica-
tions of structural materials, fracture toughness is often considered
as a limiting factor as it represents the material’s ability to resist frac-
ture in the presence of cracks and defects, which are often inevitably
introduced during manufacturing or service (23). Most existing
studies on the fracture of lattice metamaterials have so far been re-
stricted to two-dimensional (2D) lattices (24-27). Only with recent
advances in additive manufacturing techniques have there been
increasing studies on characterizing the fracture resistance of 3D
truss-based lattices, with the octet truss lattice as a prime example
(28-34). Although truss-based architectures have dominated lattice
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metamaterials for the past two decades, a recent report suggests that
shell-based architectures may provide a superior design route to
achieving uniform strain energy distribution and ultrahigh specific
strength (35). Other recent studies have also revealed a capability of
shell-based lattices to attain a range of desirable mechanical proper-
ties, such as high energy absorption (36), extraordinary mechanical
resilience (37), and tunable anisotropy (38, 39). Nevertheless, a thor-
ough understanding of the fracture behaviors of 3D shell-based lat-
tices still remains elusive.

Here, we investigate the fracture behaviors of shell-based lattices
with the Schwarz P minimal surface topology (40, 41) and provide a
comprehensive comparison of their fracture behaviors with those of
traditional octet truss (42) lattices. We fabricate compact tension
(CT) specimens of both octet truss and Schwarz P shell lattices us-
ing projection microstereolithography (PuSL) and subject the fab-
ricated specimens to in situ fracture tests. Experimental results
indicate that Schwarz P shell lattices exhibit superior fracture initia-
tion toughness that outperforms octet truss lattices by up to 150% at
the same relative densities, as well as demonstrate enhanced resis-
tance to crack propagation. The superior fracture resistance can be
attributed to larger plastic zone and fracture process zone sizes in
Schwarz P shell lattices, as evidenced by a digital image correlation
(DIC) analysis. We further perform finite element (FE) simulations,
with results indicating that the Schwarz P shell lattices can distribute
stress more uniformly and thereby enable a greater number of mate-
rial elements to access the high-stress region and participate in the
fracture process, resulting in higher energy dissipation. Our study
demonstrates that shell-based lattices can be more promising can-
didates for achieving exceptional fracture toughness in the low-
density regime.

RESULTS

Design, fabrication, and mechanical testing

We fabricated CT specimens using PuSL to investigate and compare the
fracture resistance of octet truss and Schwarz P shell lattices, which
serve as representative examples from truss-based and shell-based
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architecture categories, respectively. The Schwarz P topology is a
prominent example of triply periodic minimal surfaces (TPMSs),
which are smooth and nonintersecting surfaces with zero mean cur-
vature everywhere (40, 41). Figure 1 (A and B) shows the computer-
aided design models of octet truss and Schwarz P shell unit cells.
The Schwarz P shell unit cell was constructed via the Surface Evolv-
er software (43) with subsequent smoothing and thickening (35).
The CT specimens were designed with dimensions in accordance
with the American Society for Testing and Materials (ASTM)
standard E1820 (44), and precracks were directly introduced dur-
ing fabrication as shown in Fig. 1 (C and D) (see Materials and
Methods for details). We tailored the relative densities of the fabri-
cated lattices by varying the beam diameters or shell thicknesses
while maintaining a constant unit cell length of 1.5 mm. This allows
the obtained octet truss and Schwarz P shell lattices to retain com-
parable relative densities within the ranges of 9.0 to 42.7% and 11.5
to 39.2%, respectively.

We conducted in situ fracture tests on the fabricated specimens
(see Materials and Methods for details). Figure 1E shows represen-
tative force-displacement curves of octet truss and Schwarz P shell
lattices with different relative densities. All of the curves exhibit
three characteristic regions: elastic, plastic, and failure. During load-
ing, the force first increased linearly with increasing displacement
and then exhibited a nonlinear dependence that can be attributed to
plastic deformation around the crack tip. Once reaching the peak
force, fracture initiation occurred and the crack gradually propa-
gated due to the inherent discreteness of the lattice materials, result-
ing in the multiple force drops in the force-displacement curves.
Comparing octet truss and Schwarz P shell lattices with comparable
relative densities, it can be seen that the latter exhibited a higher peak
force as well as a larger corresponding displacement at the peak force
(Fig. 1E), implying a superior fracture resistance of the Schwarz P
shell design.

Fracture properties and behaviors

To quantitatively analyze their fracture properties, we extracted the
peak force and corresponding displacement at the peak force from
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the force-displacement curves of all of the tested samples. As shown
in Fig. 2 (A and B), both octet truss and Schwarz P shell lattices ex-
hibit an increase in the peak force with increasing relative density,
while the displacement at the peak force decreases as the relative
density increases. Over the entire range of relative densities that we
investigated, the Schwarz P shell lattices consistently exhibit a higher
peak force than the octet truss lattices, indicating that a higher force
is required to initiate fracture in the former. Notably, the displace-
ment at the peak force of the Schwarz P shell lattices is also larger
than that of the octet truss lattices, suggesting delayed fracture ini-
tiation in the former. We also estimated the energy required for
complete fracture. Since the force remained a nonzero value after the
test, we integrated the force-displacement curve until the point at
which the force decreased to 10% of the peak force, as illustrated in
Fig. 2C. The results indicate that the Schwarz P shell lattices exhibit
an average enhancement in energy to fracture from 210 to 286%
compared to the octet truss lattices in the same relative density range.

We further calculated the fracture initiation toughness using the
J-integral method in accordance with ASTM E1820 (44) (see Mate-
rials and Methods for details). Figure 2D shows that Schwarz P shell
lattices achieved significantly higher fracture initiation toughness,
surpassing octet truss lattices by 83 to 150%. To determine the frac-
ture toughness of the constituent material, we also fabricated and
tested fully dense solid CT specimens with the same overall dimen-
sions as the lattice CT specimens (fig. S1). The material toughness
was calculated using the same method and is also plotted in Fig. 2D. It
can be seen that both octet truss and Schwarz P shell lattices exhibit
higher toughness than the values predicted by a linear relationship
between toughness and relative density. Moreover, Schwarz P shell
lattices with p ~ 38.0 % achieved higher toughness than the constit-
uent material while maintaining a 62.0% reduction in weight. The
results suggest that the shell-based lattice metamaterials have sub-
stantial potential for being designed to achieve exceptional fracture
resistance in the low-density regime.

We also obtained crack growth resistance curves, the so-called
J-R curves, as shown in Fig. 3A (see Materials and Methods for more
details). The J-R curves plot the J-integral as a function of crack
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Fig. 1. Fracture experiments on lattice metamaterials with octet truss and Schwarz P shell topologies. (A and B) Computer-aided design models of octet truss and
Schwarz P shell unit cells. (C and D) Optical images of CT specimens of octet truss and Schwarz P shell lattices fabricated by PuSL, with design in accordance with the ASTM
standard. Scale bars, 5 mm. (E) Representative force-displacement curves of octet truss and Schwarz P shell lattices with different relative densities.
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Fig. 2. Fracture properties of octet truss and Schwarz P shell lattices. (A and B) Peak force and corresponding displacement versus relative density maps, respectively.
The peak force and corresponding displacement are extracted from the force-displacement curves, as illustrated in the insets. (C) Log-log plots of energy to fracture versus
relative density for octet truss and Schwarz P shell lattices. The energy to fracture is defined as the area under the force-displacement curve until the force decreases to
0.1Pmay, as illustrated in the inset. (D) Log-log plots of initiation toughness versus relative density for octet truss and Schwarz P shell lattices. The initiation toughness is
calculated as the J-integral at the crack initiation, following the ASTM E1820 standard. The gray diamond marker denotes the toughness of the solid constituent material.
The horizontal and slanted gray dashed lines are defined by the material toughness and slopes of zero and one, respectively. In (A) to (D), the error bar of each data point
is the standard deviation from the statistical average for three to seven experimental samples, with values depicted by the lighter-colored scatter points.

extension and serve as a measure of a material’s ability to resist cata-
strophic failure. During the in situ fracture testing, both octet truss
and Schwarz P shell lattices exhibited more stable crack growth
compared to the catastrophic fracture observed in the fully dense
solid constituent material (movies S1 to S3). In the lattice materials,
cracks were periodically arrested by the void spaces in a unit cell,
resulting in multiple force drops in the force-displacement curves
(Fig. 1E). As shown in Fig. 3A, the octet truss lattices exhibit rela-
tively flat and even falling J-R curves after the first crack extension.
Figure 3 (B to E) shows representative snapshots of octet truss lat-
tices with different relative densities during crack propagation. Ad-
ditional snapshots of the fracture process in octet truss lattices,
shown in fig. S2, consistently exhibit planar mode I crack paths. In
comparison, Schwarz P shell lattices with relative densities of ~11.8
and ~17.3% exhibit rising R-curves, indicative of a higher driving
force required for further crack propagation and, hence, a higher
resistance to crack extension. For Schwarz P shell lattices with higher
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relative densities (~28.4 and ~37.6%), we observed relatively fewer
and larger crack extensions. Although their fracture resistance de-
creases after two crack extensions, it remains significantly higher
than that of the octet truss lattices at comparable relative densities
(Fig. 3A). Typical images in Fig. 3 (F to I) and detailed snapshots in
fig. S3 show that Schwarz P shell lattices exhibit more complicated
fracture characteristics and tortuous crack paths, with frequently
observed crack deflection and crack branching. As a result, the
Schwarz P shell lattices demonstrated higher force and larger load-
line displacement at the same crack extension compared to the octet
truss lattices at comparable relative densities (movies S2 and S3),
implying superior fracture resistance of the former.

We further performed fractography using scanning electron mi-
croscopy (SEM). The SEM images of fracture surfaces in the octet
truss lattice suggest that most of the beams fail near the nodes in
the lattice (Fig. 3]), and the fracture surface of individual beam is
relatively smooth as shown in Fig. 3 (K and L). In contrast, the
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Fig. 3. Fracture resistance and crack propagation. (A) Representative J-R curves for octet truss and Schwarz P shell lattices with different relative densities. (B to
E) Snapshots of octet truss lattices during crack propagation. Scale bars, 5 mm. (F to I) Snapshots of Schwarz P shell lattices during crack propagation. Scale bars, 5 mm.
(J to L) Scanning electron microscopy (SEM) fractography of an octet truss lattice with a relative density of 29.7%. These images show that most beams fail near the nodes
in the octet truss lattice. Scale bars, 2 mm (J) and 100 pm (K and L). (M to O) SEM fractography of the Schwarz P shell lattice with a relative density of 28.4%. These images
indicate more tortuous crack paths and rougher fracture surfaces in the Schwarz P shell lattice. Scale bars, 2 mm (M) and 200 pm (N and O). The arrows in (G), (H), (N), and

(O) indicate crack deflection in Schwarz P shell lattices.

Schwarz P shell lattices exhibit more intricate and rougher fracture
surfaces compared to the octet truss lattices (Fig. 3, M to O). We
estimated the total areas of fracture surfaces in Fig. 3 (J and M), with
results indicating a larger fracture surface area in the Schwarz P shell
lattice compared to the octet truss lattice at a comparable relative
density (fig. S4). Therefore, it can be inferred that higher energy dis-
sipation creates rougher and larger fracture surfaces in the Schwarz
P shell lattices, leading to superior fracture resistance.

FE simulations, DIC analysis, and fracture mechanisms

To further understand the underlying mechanisms for the superior
fracture resistance of shell-based lattices, we first performed FE simu-
lations that mimic experimental tests on the CT specimens. To miti-
gate computational costs for simulating crack propagation in these
lattice materials, we used beam and shell elements to model octet truss
and Schwarz P shell lattice geometries, respectively (see Materials and
Methods for more details), and focused on lattices with low relative
densities (5.2 to 21.2%). The corresponding force-displacement curves
and J-R curves are presented in fig. S5. The normalized fracture tough-
ness from FE simulations is in good agreement with that obtained
from experiments (fig. S5C). Figure 4 (A and B) shows von Mises
stress distributions in octet truss and Schwarz P shell lattices with a
similar relative density of ~21%, just before the onset of fracture. It is
seen that the Schwarz P shell lattice exhibits a higher proportion of
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constituent material elements undergoing plastic deformation. The
volume fractions of elements surpassing the yield strength of the con-
stituent material are 1.7 and 6.7% for octet truss and Schwarz P shell
lattices with the relative density of ~21%, respectively, and similar
trend holds at other densities (fig. S5D). This difference can be attrib-
uted to the unique architecture of shell-based lattices, which promotes
more uniform stress distribution. As a result, a larger number of mate-
rial elements undergo plastic deformation in Schwarz P shell lattices
compared to that in octet truss lattices, where significant stress con-
centration occurs at nodes. Figure 4 (C and D) shows the equivalent
plastic strain distributions in the two lattices during later stages of
crack propagation. Here, the equivalent plastic strain has been nor-
malized by the plastic strain of the constituent material at fracture
(i.e., equivalent plastic strain at damage initiation of the constituent
material). In the octet truss lattice, only elements near the nodes reach
the material fracture strain and, consequently, undergo damage, con-
sistent with the nodal failures observed in experiments. In contrast, a
larger volume of material attains the fracture strain in the Schwarz P
shell lattice. These results suggest that the shell-based architecture can
enable a greater number of material elements to participate in the
fracture process, thereby contributing to its superior fracture resis-
tance during crack propagation.

To characterize the plastic zone and fracture process zone in
our experiments, we performed DIC analysis using the open-source
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Fig. 4. FE simulations and DIC analysis. (A and B) Von Mises stress distributions just before the onset of fracture in octet truss and Schwarz P shell lattices with a similar
relative density of ~21% from FE simulations (with beam and shell elements). The von Mises stress is normalized by the yield stress of the constituent material. (C and
D) Equivalent plastic strain distributions in octet truss and Schwarz P shell lattices with a similar relative density of ~21% from FE simulations (with beam and shell ele-
ments). The equivalent plastic strain is normalized by the plastic strain of the constituent material at damage initiation. (E and F) DIC maps at the moment of fracture ini-
tiation and at a later stage of crack propagation in octet truss and Schwarz P shell lattices with relative density of 17.2 and 17.3%, respectively. Scale bars, 5 mm. FE
simulations and DIC analysis demonstrate larger plastic zone and fracture process zone sizes in the Schwarz P shell lattice. (G) Schematic of fracture mechanisms in lattice
materials. (H and 1) Fracture energy decoupling from FE simulations using brittle and ductile material behaviors, respectively (with solid elements).

DIC package Ncorr (45). Figure 4 (E and F) presents DIC maps of the
apparent vertical strain component for octet truss and Schwarz P
shell lattices. The left maps in Fig. 4 (E and F) correspond to the
moment of fracture initiation. Although somewhat qualitative, these
maps demonstrate a significantly larger plastic zone size in the
Schwarz P shell lattice. Moreover, the Schwarz P shell lattice also
exhibits a larger fracture process zone size during crack propaga-
tion (right maps in Fig. 4, E and F). Note that the DIC analysis is
conducted at a level that treats the lattice structures as metamate-
rials, while FE simulations provide more detailed insights at the
material level. The combined results from our FE simulations and
DIC analysis qualitatively reveal larger plastic zone and fracture
process zone sizes in the Schwarz P shell lattices.

We further provide a quantitative understanding of the fracture
mechanisms in lattice materials (Fig. 4G). Essentially, the fracture
energy I of a lattice metamaterial can be expressed as

=Ty +Iy+1p (1)
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In Eq. 1, I'; denotes the intrinsic fracture energy associated with
material failure on the crack path. For a lattice constructed from an
ideally brittle material, T’ is the energy required to create new sur-
faces per unit crack area and thus theoretically proportional to the
material’s surface energy vy, expressed as Iy = k*2y, where the pro-
portional coeflicient k depends on the lattice topology. As shown in
fig. S6, the Schwarz P shell lattice has a larger proportional coeffi-
cient k than the octet truss lattice at the same relative density due to
its larger fracture surface area within one unit cell, which suggests a
higher intrinsic fracture energy of the former. I'xg represents the
nonrecoverable elastic energy that is transformed into vibration of
the lattice structure and eventually dissipated. In lattice materials,
fracture of discrete elements near the crack tip can lead to dynamic
perturbations in the state of their neighbors. The stored elastic en-
ergy is then partially converted into kinetic energy and ultimately
dissipated as heat or acoustic energy. In this regard, I'yg represents a
unique fracture dissipation mechanism in lattice materials that is
distinct from bulk materials, which can be referred to as “structural
plasticity” I'p represents the energy dissipation due to material
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plasticity and does not exist when the lattice is constructed from an
ideally brittle material.

We then numerically decoupled the contributions from these
mechanisms. Note that our FE simulations using beam and shell ele-
ments cannot accurately represent the real fracture surfaces and
hence do not allow for the accurate calculation of intrinsic fracture
energy associated with material failure. To quantitatively identify
contributions from material failure as well as other mechanisms, we
performed additional FE simulations using solid elements for both
octet truss and Schwarz P shell lattices (see Materials and Methods
for more details). We considered two types of constitutive material
behaviors: one corresponding to a brittle material and the other ex-
hibiting a ductile material behavior, the same as that used in FE
simulations of beam and shell elements (see Materials and Methods
for more details). For lattice structures constructed from an ideally
brittle material, the fracture energy can be expressed as the summa-
tion of the first two terms on the right of Eq. 1, i.e., I' = Iy +
I'xg. Figure 4H shows the comparison in fracture energies between
octet truss and Schwarz P shell lattices at the same relative density of
~30%. The Schwarz P shell lattice has a higher I'y than the octet truss
lattice, which can be attributed to a larger volume of material ele-
ments in the fracture process zone in the former (fig. S7). In addi-
tion to I'y, the nonrecoverable elastic energy I'xg is also magnified
by the Schwarz P shell topology, resulting in its higher total fracture
energy compared to the octet truss lattice. Notably, I'yg comprises a
larger proportion in the total fracture energy compared to I'y for
both lattices, indicating the significant role of I'yg in the fracture
energy of lattice materials when the constitutive material behavior is
brittle. Figure 4I indicates that all of the three terms—I'y, I'yg, and
I'p»—of the Schwarz P shell lattice are higher than those of the octet
lattice with ductile material behavior similar to that of the material
used in our experiments. The von Mises stress distributions just

before the onset of fracture (fig. S8) indicate that the Schwarz P shell
lattice enables more uniform stress distribution and allows more
material elements to attain higher stress, resulting in greater vol-
umes of material in plastic and fracture process zones (table S1).
Our results provide a comprehensive understanding of the underly-
ing mechanisms for the superior fracture resistance of shell-based
lattices: Their unique topology results in higher energy dissipation
through a combination of material damage, structural plasticity, and
material plasticity.

DISCUSSION

Recent studies have suggested that the mechanical properties of ar-
chitected materials mainly depend on their topology, feature sizes,
and constituent materials (5). In the current study, we focused on
the dependence of the fracture behaviors of lattice metamaterials on
topology. We have demonstrated that Schwarz P shell lattices ex-
hibit superior fracture resistance than octet truss lattices when
constructed from the same material and having identical sample
dimensions and relative densities. Here, we also compared the frac-
ture toughness Kjc of our fabricated lattices with that of existing ma-
terials (details for the K¢ calculation are provided in Materials and
Methods). As shown in an Ashby map of fracture toughness versus
density (Fig. 5A), in the lightweight regime (density < 1000 kg m™),
our polymer octet truss and Schwarz P shell lattices outperform ex-
isting polymer and ceramic foams while competing favorably with
metal foams and certain natural materials. This suggests the poten-
tial for constructing shell-based lattices using metals to achieve
higher toughness while maintaining low densities. Figure 5B pro-
vides a comparison of the normalized fracture toughness of our
polymer octet truss and Schwarz P shell lattices with other existing
3D lattice metamaterials (28-34). The normalized fracture toughness
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Fig. 5. Comparison of the fracture toughness of our lattice metamaterials with existing materials. (A) The Ashby map of fracture toughness versus density. (B) Nor-
malized fracture toughness versus relative density for our polymer octet truss and Schwarz P shell lattices and other 3D lattice metamaterials that have been reported to
date, including Ti-6Al-4V octet truss lattices (28, 30), aluminum alloy octet truss lattices (29), polymer truss- and plate-based lattices (37), polymer octet truss lattices fabri-
cated via PuSL (32), polymer octet and kagome truss microlattices fabricated via two-photon lithography (TPL) (33), and polymer face-centered cubic (FCC), rhombic
dodecahedron (RD), Schwarz D (SD) truss-based lattices and interpenetrating lattices (IPL) (34).
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is expressed as K¢ = K¢ / <0'YS \/Z ), where oy is the yield strength

of the constituent material and L is the unit cell length. Our polymer
octet truss and Schwarz P shell lattices exhibit higher normalized
fracture toughness than most existing polymer and metal truss- and
plate-based lattices, except for the polymer octet and kagome truss
microlattices fabricated from IP-Dip using two-photon lithography
(TPL), with feature sizes down to 1.03 to 2.25 pm (33). This differ-
ence can be attributed to the variations in constituent materials and
characteristic size scales, as discussed further below.

Previous theoretical studies (I, 25) on 2D truss-based lattices
suggest that the normalized fracture toughness scales with the rela-
tive density as K, = Dp*, where D and d are constants. We applied
this relationship to fit our experimental and numerical results and
obtained the coefficient D and the exponent d for our octet truss and
Schwarz P shell lattices. The obtained coefficients and scaling expo-
nents, along with those from existing studies, are summarized in
table S2. The scaling exponents obtained from our FE simulations
are in good agreement with those from experimental data. Both oc-
tet truss and Schwarz P shell lattices exhibit scaling exponents close
to one, while Schwarz P shell lattices have a higher value of the coef-
ficient D than octet truss lattices, which is associated with the higher
fracture toughness of Schwarz P shell lattices. Previous theoretical
studies (1, 25) based on linear elastic fracture mechanics have sug-
gested that, for elastic-brittle lattices, the constants D and d are de-
pendent on the lattice topology. In table S2, it is evident that lattices
with the same octet truss topology exhibit similar values of scaling
exponents around one but varying coefficients, which is also reflected
by the variation in the normalized fracture toughness of the octet
truss lattices, as shown in Fig. 5B. This variation can be attributed to
the different behaviors of their constituent materials. According to
the theoretical analysis (27) based on elastic-plastic fracture me-
chanics, for elastoplastic 2D lattices composed of materials exhibit-
ing behaviors described by the Ramberg-Osgood relationship, the
relationship between the fracture toughness and relative density can
be expressed as

Kic/ <(’ys \/Z) =D'p* (ec/205) g ()

where gf and €y are the fracture strain and yield strain of the con-
stituent material, respectively, and # is the strain hardening expo-
nent. The results indicate that the scaling exponent d remains the
same as in elastic-brittle cases. However, the coefficient between
the normalized fracture toughness and p is significantly influenced
by the rR;aterial behavior, with a direct dependence on the term

(sf/ 805) ‘2, Furthermore, D’ can also be sensitive to the value of n
for the same lattice topology (27). Therefore, the higher normalized
fracture toughness of octet truss lattices fabricated via TPL can be
attributed to the larger fracture strain (>0.3) of the IP-Dip polymer
used in TPL (33). The strong dependence of the coefficient on the
material behaviors suggests the potential for tuning the fracture
toughness of lattice metamaterials by selecting suitable constituent
materials.

In addition to the constituent materials, characteristic size scale
can also play an important role in the fracture toughness of lattice
metamaterials. The aforementioned scaling law implies that a reduc-
tion in the length scale, corresponding to smaller unit cell lengths,
may lead to decreased fracture toughness. However, it should be
noted that, in practice, a smaller length scale often results in fewer
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flaws and defects in the material. For example, previous research has
shown that smaller-scale microlattices fabricated via TPL exhibit
higher normalized strength than their larger-scale counterparts fab-
ricated via PuSL (35). The size effects on the mechanical properties
of the constituent materials can also contribute to the fracture resis-
tance of lattice metamaterials. Therefore, the smaller size scale could
be another reason responsible for the higher normalized fracture
toughness of truss-based lattices fabricated via TPL (Fig. 5B) (33).
In our current study, we observed that Schwarz P shell lattices with
lower relative densities exhibited rising R-curves, which differs from
their high relative density counterparts. This might be attributed to
the strong size effect of the constituent material (46). On the other
hand, the scaling law also suggests that the fracture toughness can
be improved by increasing the unit cell length L, which suggests an
opportunity to leverage structural hierarchy to enhance the fracture
toughness of lattice metamaterials. The influence of characteristic
size scales on the fracture behaviors of lattice metamaterials, includ-
ing size effects at micro/nanoscales and structural hierarchy, re-
mains largely unexplored and deserves further investigation.

Here, we have focused on comparing truss-based and shell-based
lattices, selecting octet truss and Schwarz P shell topologies as they
are the most widely investigated and prominent examples within
their respective categories. While there are many existing studies on
the fracture properties of octet truss lattices, the investigation on
fracture properties of shell-based lattices is still in its early stages.
Given the large number of TPMS topologies, exploring and compar-
ing the fracture behaviors of various shell-based designs is a prom-
ising direction for future research. We also performed additional
in situ fracture experiments and FE simulations on another type of
shell-based lattice with I-WP (Schoen’s I-graph-wrapped package)
minimal surface topology to illustrate this potential direction. As
shown in fig. S9, I-WP shell lattices exhibit initiation toughness
slightly lower than Schwarz P shell lattices yet still significantly
higher than that of octet truss lattices. Similar to Schwarz P shell
lattices, I-WP shell lattices demonstrate larger plastic zone and frac-
ture process zone sizes compared to octet truss lattices (see fig. S10
and Fig. 4). The differences in fracture behaviors between Schwarz P
and I-WP shell lattices include higher slopes of force-displacement
curves and smaller displacements at peak force for the latter
(figs. S9E and S10C). FE simulations indicate that I-WP shell lattices
exhibit comparable normalized fracture toughness K, to Schwarz P
shell lattices (fig. S10D). Because of the higher modulus of I-WP
shell lattices, their initiation toughness J, is lower than that of
Schwarz P shell lattices, consistent with experimental results (fig. SOF).
Future research can further explore and compare the fracture be-
haviors of various shell-based topologies to identify the optimal ar-
chitecture designs for enhanced fracture resistance.

In the current study, we have revealed the topology-induced in-
trinsic toughening mechanism in lattice metamaterials and thereby
offer a design principle for tough architected materials, which in-
volves engineering their topology to magnify fracture surface area,
structural dissipation, and material plastic dissipation. While our
experiments were conducted with a polymer exhibiting some plas-
ticity, our simulations suggest that this design principle is applicable
to brittle materials as well, offering potential for toughening struc-
tural materials like carbon and ceramics. Moreover, the smooth and
continuous topology of shell-based architectures provides a suffi-
ciently rich design space to realize additional extrinsic toughening
mechanisms. This potential exploration may lead to even more
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superior fracture resistance, which is a direction deserving future
investigation. Compared to the established composite strategies that
combine hard and soft materials into intricate solid structures, the
topology-induced toughening strategy in lattice metamaterials of-
fers the advantages of achieving ultralow density and fabrication
simplicity, which holds promise for filling the remaining white space
in the Ashby map of toughness versus density. In contrast to modu-
lus and strength that are often bounded by the rule of mixtures, the
fracture toughness of lattice materials is not theoretically limited by
this prediction. In principle, it should be possible to design lattice
materials to achieve exceptional toughness far superior to that of
their constituent materials. In this study, the fabricated Schwarz P
shell lattices have exhibited fracture initiation toughness surpassing
that of the parent material by ~90% while having a density ~62%
lower. Despite this notable enhancement, we have not yet reached
the white space in the toughness-versus-density Ashby map. Further
efforts can be dedicated to achieving metamaterials with unprece-
dented toughness in the lightweight regime by architecting tough-
ening mechanisms across various length scales. This will rely on the
design of optimal architectures, the selection of suitable constituent
materials, and the utilization of size effects in nanomaterials as well
as structural hierarchy.

We experimentally characterized the fracture resistance of 3D
shell-based lattice metamaterials with Schwarz P minimal surface
topology and compared their fracture behaviors with conventional
octet truss lattices. Our experiments demonstrated that Schwarz P
shell lattices exhibited superior fracture initiation toughness and en-
hanced resistance to crack propagation, compared to the octet truss
lattices in which the cracks tend to advance through the nodes due
to severe stress concentration. The fabricated Schwarz P shell lattices
exhibited fracture initiation toughness exceeding that of the con-
stituent material while maintaining a lower density. FE simulations
revealed that the superior fracture resistance in Schwarz P shell
lattices can be attributed to the topology-induced toughening mecha-
nism that amplify material damage dissipation, nonrecoverable elas-
tic dissipation, and material plastic dissipation facilitated by the
mechanically efficient topology, inherently enabling a larger process
zone. Our study demonstrates the intrinsic toughening mechanism
in shell-based lattice metamaterials and sheds light on the potential
mechanomaterial route to achieving exceptional fracture toughness
in the lightweight regime through tailored design of lattice meta-
materials.

MATERIALS AND METHODS

Fabrication

CT fracture specimens were fabricated from commercial HTL resin
(BMF Precision Technology Co. Ltd., China) using a microArch
S140 PpSL system (BMF Precision Technology Co. Ltd., China).
During fabrication, the printing layer thickness was 10 pm. The
printing direction was along the direction of the sample thickness.
The exposure intensity and exposure time for each layer were 30 mW
cm™? and 1.8 s, respectively. The printed samples were first im-
mersed in 99% ethanol for 1 min in an ultrasonic bath to eliminate
any uncured resin and then dried in a vacuum for 10 min. After
cleaning and drying, the samples were post-cured for 5 min under
405-nm ultraviolet light. The overall dimensions of the CT specimens
were designed on the basis of ASTM E1820 (44), with W = 15 mm
and B = 7.5 mm. The lattice CT specimens were composed of octet

Wang et al., Sci. Adv. 10, eadq2664 (2024) 30 August 2024

truss or Schwarz P shell unit cells with L = 1.5 mm, resulting in
W = 10L and B = 5L. A precrack with length of ap = 3L = 4.5 mm
and height of 0.1 mm was incorporated into the sliced images and
directly printed. Solid rings with thickness of 0.45 mm were intro-
duced around the loading pin holes to reinforce the local structure
and prevent lattice damage. The relative density of the fabricated lat-
tice metamaterial was calculated by dividing its density by the mate-
rial density (p, = 1.27 g cm™), which was determined from a fully
dense solid HTL sample. The density of the lattice metamaterial was
calculated by dividing the mass by its occupied volume, where the
mass was determined by excluding the mass of the solid reinforcing
rings (estimated by multiplying the designed volume of solid rings
by ps) from the total sample mass measured using a precision bal-
ance. A recent study suggested that a sufficiently large number of
unit cells is required to characterize fracture toughness of lattice
metamaterials (32). Considering the substantial increase in printing
time with larger samples, our CT specimens were designed with
W = 10L and consisted of 750 unit cells, which are considered to be
adequate for providing meaningful comparisons between different
lattice structures. To confirm this, we also fabricated larger lattice
CT specimens with W = 20L and showed that the measured fracture
toughness of these larger samples was comparable to that obtained
from CT specimens with W = 10L (fig. S11).

Mechanical testing

Fracture tests were performed using a universal testing machine with
a 10-kN load cell (AG-X plus, Shimadzu Corp., Japan) at a constant
displacement rate of 1.0 mm min~". During the test, videos were
recorded and used to obtain the crack length (with one-half-unit
cell resolution) (34). The obtained crack length and the force versus
load-line displacement data were used to calculate the fracture tough-
ness and R-curves.

Fracture toughness calculation

Fracture toughness and R-curves were calculated using the J-
integral method following the procedure suggested by ASTM E1820
(44). The J-integral at each crack extension instant (i) was calculated
by adding the elastic part Jq; and the plastic part J,i;). The elastic
component is related to stress intensity factor K; as J,;) = K (2,.) /E,
where E is the effective modulus of the lattice metamaterials. K;
was obtained by the recorded force P; as

23

BYw \ W

where a(; is the crack length at the instant (i) and the calibration
factor was calculated as

Ky =

2 3 . 4
(2+ﬁ) 0.886+4.64(M)—13.32(ﬂ) +14.72(@) —5.6(“—")
ag w w w w w
f2) =
(%)

Effective modulus of the lattice metamaterial was obtained from the
power law scaling relationship with the relative density as E = oE p”,
where o and m are constants depending on lattice topology and E; is
the Young’s modulus of the constituent material. The coeflicient a
and the exponent m for octet truss and Schwarz P shell topolo-
gy were taken from the previous study (35). The Young’s modulus
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E, = 2.65 GPa was obtained from tensile tests on solid dogbone
specimens in accordance with ASTM D638 (fig. S12). The plastic
component Jpi;) was calculated using an incremental approach

Mpii-1) (Apl(i) - Apl(i—l))
B ~Yi-1)

ag) — “(x‘—l)]

Toiy = |Ji-p + < b
(i-1)

b(i—l)

where Ay is the plastic area under the force-displacement curve, bj_1) =
W — a(i_y) is the remaining ligament, ;- 1) = 2 4 0.522b _ 1)/ W, and
Yi-1) =14 0.76b; _ 1)/ W. The fracture toughness was calculated by

Kji) = \/EJ;. Although the ASTM standard is established for con-
tinuous materials, this procedure was also used by many existing
studies (28, 29, 33, 34) to calculate the fracture toughness of truss-
based lattices, in the absence of a universally accepted method for
evaluating lattice material toughness. The apparent/effective tough-
ness derived from the ASTM standard can provide meaningful
comparisons between lattice materials and continuous materials, as
well as across different lattice designs.

FE simulation

FE simulations were performed via Abaqus/Explicit (Dassault Sys-
téemes SE). Two series of simulations were conducted. In the first
scenario, octet truss lattices and Schwarz P shell lattices were mod-
eled using three-noded quadratic Timoshenko beam elements (B32
in Abaqus) and three-noded triangular shell elements (S3 in Abaqus),
respectively. The overall dimensions of the simulated models were
consistent with those of the CT specimens used in experiments. To
ensure high accuracy, each strut in octet truss lattices was discretized
using seven B32 beam elements, and each unit cell in Schwarz P
shell lattices was discretized with 1104 S3 shell elements. Conse-
quently, the simulated models for octet truss lattices and Schwarz P
shell lattices comprised ~19 million and ~86 million elements, re-
spectively. The material was modeled as an elastoplastic material
with a Young’s modulus of 2.65 GPa and a Poisson’s ratio of 0.4
in the linear elastic region and plastic behavior described by the
Ramberg-Osgood relationship in the plastic region, which were
taken from those of the polymer used in the experiments (see
fig. S12 for details). To simulate fracture of the constituent material
through element removal, a damage model was used, characterized
by a plastic fracture strain of 0.026 and linear damage evolution de-
termined by a fracture energy of 0.8 k] m™ The plastic fracture
strain of 0.026, combined with the elastic limit strain of 0.012, re-
sults in a total fracture strain of 0.038, consistent with the average
value obtained from experiments (fig. S12). The nodes on the sur-
faces of the two pin holes were kinematically coupled with two re-
spective reference points. Free rotation boundary conditions were
applied by allowing rotations around the out-of-plane axis to be un-
constrained. To investigate crack propagation, each model was load-
ed until fracture occurred in at least five unit cells (fig. S5). In the
second scenario, to quantify contributions from different mecha-
nisms, four-noded linear tetrahedron solid elements (C3D4 in
Abaqus) were used for both octet truss and Schwarz P shell lattices.
The in-plane dimensions were kept the same as those in experi-
ments, while the thickness was set as B = L to mitigate computa-
tional costs. The simulated models for octet truss and Schwarz P shell
lattices with a relative density of ~30% were composed of ~6 mil-
lion elements. Two material behaviors were considered. One is
an ideally brittle material with a Young’s modulus of 410 GPa and a
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strength of 550 MPa, taken from the values of silicon carbide, hence
representative of elastic brittle ceramics (47). The fracture energy
was set as 1 ] m™2, which is a typical value of brittle materials. The
other material behavior is ductile, identical to that used in the first
scenario. The models were loaded until crack propagated by one
unit cell. The energy outputs were used to calculate fracture en-
ergies. In fracture mechanics, the energy release rate is defined as
the energy available for an infinitesimal crack extension, given by

B\ da
the elastic strain energy and B is the thickness (23). The criterion for
crack extension is G = G, =T. Here, to estimate the critical energy
release rate and components of fracture energy, we considered en-
ergy variations due to finite crack extension of half or one unit cell
instead of infinitesimal crack extension. This is considered reason-
able because cracks always propagate by half or one unit cell in lat-
tice materials. Therefore, I', I'y, I'vg, and I'p can be numerically
estimated as

G=-1 ( 4U ) for displacement-controlled structure, where Uk is
A

AUyp
BAa

AUypp
BAa

AU, AUy

' — Iy~
BAa BAa

,Ing ~ Jp &

where AU,, AUpmp, AUyp, and AUpp are the changes in strain en-
ergy, damage dissipation, viscous dissipation, and plastic dissipa-
tion, respectively (see figs. S7 and S8).
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